Multi-channel architecture for electronic quantum-Hall interferometry 
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We propose a new architecture for implementing electronic interferometry in quantum Hall bars. 
It exploits scattering among parallel edge channels. In contrast to previous developments, this 
one employs a simply-connected mesa admitting serial concatenation of building elements closer to 
optical analogues. Implementations of Mach-Zehnder and Hambury-Brown-Twiss interferometers 
are discussed together with new structures yet unexplored in quantum electronics. 
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Since many decades interferometry has been a funda- 
mental tool to disclose the classical and quantum proper- 
ties of light [H . Nowadays optical interferometry can be 
considered at the heart of a new quantum-based technol- 
ogy with applications in metrology 0] , imaging Q , and 
quantum information processing [4|. In the solid state 
world, controlled quantum interference experiments ap- 
peared more recently when, thanks to the advances in 
fabrication, the wave-like nature of electrons could be 
tested in transport measurements. The observation of 
Aharonov-Bohm (AB) oscillations in the electric cur- 
rent [f| and the Landauer-Biittiker formulation of quan- 
tum transport in terms of electronic transmission am- 
plitudes [6] signaled the beginning of quantum electronic 
interferometry in solid state devices. Since then, there 
has been a continuous effort in studying interference ef- 
fect in quantum transport [7]. A recent breakthrough 
in electronic interferometry has been the experimental 
realization of electronic Mach-Zehnder @J^, [HI 111. 12| 
(MZ) and Hanbury-Brown-Twiss (HBT) [13[ interferom- 
eters using edge states in a quantum Hall bar. In these 
experiments electrons loop around an annular (Corbino- 
like) sample flowing along chiral edge channels which 
mimic the optical paths In order to unfold the full 
potentiality of optical interferometry in the solid state 
realm an important additional ingredient is needed: The 
ability to concatenate in series several MZ interferom- 
eters. This requirement, impossible to implement at 
present, leads us to develop a new interferometric archi- 
tecture for edge states. This scheme opens up a wide 
range of new possibilities in electronic interferometry. 
As first examples we discuss implementations of the MZ, 
HBT, and interaction-free [l5| interferometers. Further- 
more we show how to exploit our setup for characterizing 
the sources of dcphasing in quantum Hall systems. 




A good starting point to present our new architec- 
ture is to consider the MZ configuration. In an opti- 
cal MZ interferometer (inset Fig. Q}, a monochromatic 
beam from source la is split into two beams by a beam 
splitter BSi. The beams then propagate along two 
different paths which recombine at a second beam split- 



FIG. 1: (color online) Mach-Zehnder interferometer imple- 
mentation. The shaded areas represent top gates which de- 
fine regions of filling factor v = 1. In the rest of the sample 
instead we assume v — 2. Due to the presence of a strong 
magnetic field B orthogonal to the bar surface, electrons in- 
jected from the source contact la propagate from left to right 
following two possible paths. Electrons are finally collected at 
drain contacts 2a and 2b, where currents are measured. The 
red lines represent the edge channels effectively taking part 
to the MZ interferometer. BSi and BS2 are beam splitters, 
while the gate MG is used to vary the shape and length of 
the outer edge o channel. Notice that an experimental imple- 
mentation of the setup does not require to employ air-bridge 
elements. Inset: sketch of the optical counterpart of the MZ 
interferometer. 



ter BS2, where interference occurs. The two outgoing 
beams are collected at detectors 2a and 2b. In the ab- 
sence of external noise, the beam intensity at the de- 
tectors exhibits oscillations as a function of the accumu- 
lated phase difference between the followed paths. Our 
electronic implementation of the MZ interferometer is 
sketched in Fig. [TJ It consists of a 2DEG subject to a 
quantizing perpendicular magnetic field B correspond- 
ing to a filling factor (number of occupied Landau levels) 
v = n s h/eB = 2. Four electronic contacts are present in 
the structure: A bias voltage V is applied to la, acting 
as a source, while the remaining contacts lb, 2a and 2b 
are grounded. The shadowed regions in the figure rep- 
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resent top gates which reduce the local electron density 
n s in such a way that the filling factor in the underneath 
regions is v = 1. Such cross-gate technique, implemented 
e.g. in Refs. [H, [13, [Hj] , is used to selectively address the 
two edge channels by introducing a spatial separation be- 
tween them. In particular, the gate on top of la allows 
us to selectively populate only the outer edge o of the 
sample by preventing the inner channel i to be subject 
to the bias voltage V. Analogously, the gate on top of 
the contact 2a allows us to measure the current carried 
by the outer edge channel only. Finally the large top gate 
in the center of the setup induces a spatial separation be- 
tween the two edge states. The area A defined by the two 
paths encloses a magnetic flux $ = BA. It is important 
to notice that such an area can be substantiall y sm aller as 
compared with other MZ realizations [1,0, 1 1 , H3. [l3{ ■ 
In our proposed architecture values of A ~ 1 /j,m 2 (cor- 
responding to about 10 3 flux quanta) are experimentally 
feasible with present technology. This is an improvement 
of almost two orders of magnitude with respect to con- 
ventional MZ setups that would arguably lead to a re- 
duced effect of phase averagingdue to area and/or flux 
fluctuations (as stated in Ref . [131 ] , where a visibility en- 
hancement was ascribed to a size reduction with respect 
to previous implementations [H). 

Beam splitter transformations among the edges o and i 
are introduced, as in Ref. by inducing elastic inter- 
channel scattering within the regions BSi and BS2 of 
Fig. [TJ This is admittedly the most delicate part of our 
proposal. There are however two ways to implement it. 
Inter-channel scattering can be obtained by an abrupt 
(non-adiabatic) variation in the confining potential such 
as the triangular-shaped protuberance shown in the fig- 
ure. According to the calculations of Ref. [2(J, edge chan- 
nels mix coherently if the (potential defining) the protu- 
berance shows spatial inhomogeneities on a scale smaller 
than the magnetic length l m = yJh/eB. Such potential 
profiles can be engineered to give the desired scattering 
amplitude, for example, by the cleave-edge overgrowth 
technique [2l|. Another possibility to have elastic inter- 
channel scattering is to use high-spatial-resolution local 
probes as atomic force microscopy [22j or scanning gate 
microscopy 23j. In this way there is the additional ad- 
vantage that the scattering amplitudes can be tuned by 
means of an external voltage. 
As in Refs. @, @, M, 
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|12L Il3l ] , we assume the size 
of the structure to be much smaller than the equilibra- 
tion length at which spontaneous inter-channel mixing 
occurs [171 ] . Moreover, apart from a small region where 
the BSs are implemented, the confining potential is as- 
sumed to be sufficiently smooth to prevent undesired 
inter-channel scattering. Under these conditions, o and i 
represent two independent electronic modes of propaga- 
tion which play the role of optical paths in a MZ inter- 
ferometer. 

To have a first glimpse of the extreme versatility of 




FIG. 2: (color online) Implementation of the Hanbury-Brown- 
Twiss interferometer. 



this new architecture we notice that the setup of Fig. [TJ 
can be turned easily into a HBT interferometer — see 
Fig. [5] The resulting implementation is reminiscent of 
the one realized by Neder et al. with the traditional 
(non simply connected) mesa configuration [r| . In our 
case it has been obtained by introducing a further MZ 
interferometer in the bottom part of the mesa of Fig. [TJ 
allowing the central top gates to overlap (possibly with 
the help of the extra top gate shown in the figure) . 

Additionally, very interesting devices with no counter- 
part in conventional edge state setups can be devised 
by fully exploiting the concatenability of our simply con- 
nected architecture. A first example is sketched in Fig. [3] 
This is an electronic equivalent of the optical interaction- 
free interferometer of Ref. [l5[ (see the caption of Fig. [3] 
for a brief description of its working principles). With 
our architecture we can reproduce it by properly con- 
catenating a series of MZs of Fig. [1] 

A further interesting application is found in the charac- 
terization of dephasing in quantum Hall systems which 
is recently 
24, 
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attracting a lot of interest [3, [9|, H0|, LLU 
Consider first the setup of Fig. [TJ 
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The 



transmission probability T a (E) from terminal la to 2a, 
reads 



T a {E) — Ti T 2o + R\ R2i 



(1) 



2^T lo T 2o R lo R 2l cos[A</>(E)] , 



where for a = o,i and j = 1,2, Tj a and Rj a = l—Tj a are, 
respectively, the transmission and the reflection probabil- 
ities of the beam splitter BSj. A similar expression can 
be obtained for Tb (transmission from la to 2b). The 
last contribution in Eq. ([TJ) is an interference term lead- 
ing to current oscillations at the contact 2a. It accounts 
for the phase difference Acj) associated to the two possi- 
ble paths the electrons can choose in their propagation. 
Apart from an irrelevant constant term, in the absence 
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of external noise it can be expressed as 
A</>(£) = ME) + (I>ab ■ 



(2) 



The first term is a dynamical contribution given by [24j 
4>b(E) = EAL/hvu, where AL is length difference be- 
tween the paths (for simplicity we assume the channels o 
and i to have identical drift velocities). The second term 
in Eq. ([2]) is the AB contribution (f>AB — 2ne^/h. Both 
the dynamical and the AB contributions can be varied in 
our setup by modifying the shape of the outer path by 
means of the local gate MG of Fig. [TJ Decoherence can 
be described by adding an extra term tp in Eq.([5]) which 
accounts for possible phase fluctuations. These may orig- 
inate either from long time oscillations of locally trapped 
impurities or thermal fluctuations of the edge-state local 
density. Decoherence eventually leads to the suppres- 
sion of the interference term in T a j,(E), Eq. fl}, thus 
reducing the visibility of the oscillations induced by the 
modulation of the gate MG in the output currents [6( 
J a , b = (e/h) J dE[f(E ~ eV) - f (E)]T a>h {E) . Notably 
the visibility can be suppressed even in the absence of 
decoherence. This is due to the energy dependence of 
the phase, giving rise to a phase-averaging of the current 
I&,b when integrating over a large energy window 24 1. 
The visibility decrease has been intensively investigated 
in these systems [I, S E3, El [H, [13| trying to iden- 
tify its sources by means of shot noise measurement [8|. 
No information can be obtained just from the average 
current by using a MZ single interferometer. Our archi- 
tecture makes possible to discriminate between phase- 
averaging and decoherence mechanisms directly in the 
measurement of the average current by concatenating two 
MZ interferometers. The setup is shown in Fig. [U For the 
sake of simplicity we assume T\ t2a — Ri.2a — 1/2. The 
transmission between la and 2a for this device reads 



T a {E) = l/2+(i? 3o -T 3o )cos[A<M£) + ^i]/2 (3) 
+ VR30T30 sm[AME) + <pi] sm[A4> 2 (E) + ip 2 ] , 

with A(f>i, 2 (E) defined, as in Eq. ([2]), in terms of the 
parameters AL 12 and $1.2 associated with the two large 
gated areas of Fig. 2] The ^,2 account for corresponding- 
noise fluctuations. In the linear-response regime at zero 
temperature, contact 2a receives an output current 7 a = 
(e 2 V/2h)[l + (R 3o - T 3o ) Kl + 2^R 3o T 3o k 2 ] with 
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sin[A</>i(.E) + ipx] sm[A(f> 2 (E) + tp 2 ] 



Regarding decoherence, we treat it in a phenomenologi- 
cal fashion by defining a zero-temperature distribution of 
phase fluctuations P{(fii, <p 2 ), such that the average cur- 
rent reads (I a ) = J dipidtp 2 P(ipi,ip 2 )I a . In the uncorre- 
cted case [i.e. P(<fi, f 2 ) = Pi(fi)P 2 ((p 2 )] with Gaussian 
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FIG. 3: (color online) Interaction-free interferometer. The op- 
tical implementation is shown in the lower part of the graph. 
It consists in a series of n concatenated MZ interferometers 
characterized by a phases difference <f> = ir/n among the two 
internal paths [15fl . One of the two emerging path from each 
of the MZ impinges into an external absorber (the green box 
in the picture) which can be either totally reflecting (77 = 1) or 
totally absorbing (77 = 0) . Incoming photons deterministically 
end up either in the upper or the lower exit port depending 
on 77. The electronic implementation of this devices for 77, = 3 
is found in the upper part of the picture. Here the "absorber" 
is simulated by the grounded contacts lc, 2c and 3c. The ab- 
sorption (77 = 0) case is simulated by switching on extra top 
gates (patterned areas in the figure) which put in contact the 
inner edge with lc, 2c and 3c. 



phase-fluctuations (of width o~i t2 ) we find 



e 2 V 

(4) = -^-[1 + (#30 - T 3o )«i£i + 2y/R 3o T 3o k 2 D 1 D 2 ], 

where D\ y2 = exp[—a 2 2 /2], k\ = Ki(cpi — 0) and 
k 2 = n 2 (ip 2 = 0). We see that (J a ) has two interference 
terms proportional to k\ and k 2 , respectively. The inter- 
ference terms vanish only in the presence of full decoher- 
ence (£>i,2 = 0): Strong phase averaging (large voltages) 
reduces k\ to zero, but geometrical correlations between 
A<t>\ and Acj) 2 can preserve k 2 from that (for instance, the 
case ALi = AL 2 and $1 = $ 2 yields k 2 ~ 1/2). This is 
strikingly different from the results of a single MZ inter- 
ferometer, where complete phase averaging leads to the 
suppression of any interference term in the current and 
hence one has to resort to shot noise measurements. For 
illustration, we provide an example in Fig. [5J There we 
plot the linear conductance G a = (7 a ) /V as a function 
of the magnetic field for small voltages eV <C hvo/ AL\ 
(red curve) and for large voltages eV ^> hvo/ AL\ (blue 
curve) in the presence of a small decoherence (-Di,2 ~ 1). 
Oscillations are suppressed as voltage increases due to 
the voltage dependence of k\p- For large voltages (blue 
curve), the conductance converges to a constant value 
Ga = %[1 + D 1 D 2 y/R3oT3o] depending only on deco- 
herence through D\. 2 . In the case of strong decoherence 
G a takes the universal value e 2 /2h (black curve) showing 
no voltage dependence. A similar analysis was presented 
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FIG. 4: (color online) Example of two MZ interferometers 
concatenated. The two large shaded areas are are character- 
ized respectively by AB fluxes 4>i and $2 and path-length 
differences AL\ t 2- The patterned area represents an auxiliary 
top gate which can be inserted to bypass the second BS, con- 
verting the whole setup to a the single MZ interferometer of 
Fig.m 

<I a >/V (e 2 /h) 




FIG. 5: (color online) Linear conductance G a = (J a )/V as a 
function of magnetic field B for different values of voltage V, 
with Di = 0.8, D 2 = 0.9, R 3u = 0.4, T 3u = 0.6, AL1/AL2 - 
1 = 10~ 4 . Red (blue) curve is relative to a small (large) 
voltage, while the black curve is the completely incoherent 
case (i.e. Di,2 = 0). 

in Ref. In that case, shot-noise measurements were 
needed. It is also worth noticing that the configuration 
of Fig. 3] can be used to explore possible spatial corre- 
lations between the fluctuations in the two different MZ 
interferometers. 

The architecture presented in this paper, once realized 
experimentally, may open up a way to an entire new class 
of electronic interferometry. We gave three examples, all 
based on the concatenation of several MZ interferome- 
ters. This proposal can be easily generalized to filling 
factors higher than 2, which would allow the implemen- 
tation of complex multi-mode interferometry. This, along 
with the ability of multiple concatenation of interferom- 
eters, could yield prototypical implementation of simple 
linear-optics- like quantum computing Q devices, or be 



relevant in revealing non-Abelian statistics in the frac- 
tional Quantum Hall regime [27j . Moreover, by properly 
tuning the BS transparencies, the setup of Fig. Q]yields a 
edge-channel swapper. Alternatively, it can be employed 
to prepare controlled superpositions of the two outgoing 
edge channels. 
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